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How do some photosynthetic organisms use the
energy of sunlight to oxidise water, producing
molecular oxygen? Recent X-ray crystallographic
data have brought new insights into the structure of
the integral membrane protein responsible for this
fundamental biological reaction.
The thylakoid membranes of plant chloroplasts use sun-
light to trigger a series of electron transfer reactions
coupled to proton translocation. The resulting proton
gradient is used to generate ATP, and under some cir-
cumstances electron flow produces NADPH; these mol-
ecules are then used for the fixation of carbon and the
production of biomass. Three membrane-embedded
protein complexes act in series to catalyse this process:
Photosystem-I and Photosystem-II provide the sites at
which light energy is used to drive electron flow, and
these are connected by the cytochrome bf complex. 
The reaction catalysed by Photosystem-II is of
particular interest and importance, as this complex
uses water as its source of electrons and produces
molecular oxygen as a waste product [1]. The evolution
of this reaction in cyanobacteria is thought to have trig-
gered large increases in the level of atmospheric
oxygen, starting around 2.5 billion years ago (see [2] for
a discussion). The mechanism of light-driven water oxi-
dation has been the subject of intense interest, and a
recent report [3] on the X-ray crystal structure of Pho-
tosystem-II has brought new information on the struc-
ture of the protein–cofactor system responsible. 
The photosystems of oxygenic photosynthetic organ-
isms have been subject to an intensive spectroscopic
examination, and the last three years have seen dra-
matic advances in our understanding of their structures.
In 2001, a high-resolution X-ray crystal structure was
reported for the Photosystem-I complex from the ther-
mophilic cyanobacterium Thermosynechococcus elon-
gatus [4], and lower resolution structures were reported
for the Photosystem-II complex from T. elongatus [5]
and from T. vulcanus [6]. Late 2003 saw two new struc-
tures for the cytochrome b6f complex from the ther-
mophilic cyanobacterium Mastigocladus laminosus [7]
and the alga Chlamydomonas reinhardtii [8], and a low
resolution structure for the plant Photosystem-I
complex and associated light-harvesting proteins which
brings new insights into the longer-range organisation
of the photosynthetic membrane [9].
In the latest report, Ferriera et al. [3] describe the
structure of Photosystem-II from T. elongatus, at a res-
olution of 3.5 Å (Figure 1A). Although this is only a
modest improvement on the resolution of previous
structures — 3.8 Å [5] and 3.7 Å [6] — the derived struc-
tural model differs markedly in the level of detail
included. The earlier structures traced the backbone
chains of the Photosystem-II polypeptides and pro-
vided locations for many of the cofactors of the electron
transfer chain and light-harvesting ‘antenna’. The new
report includes, for the first time, structural models for
the side-chains of ~90% of the amino acids, including
those that form the binding sites of the cholorophylls,
pheophytins and quinones of the electron transfer
chain. Many of these have already been mutated and a
number of these mutations are discussed with
reference to the new structure; the results highlight a
number of protein–cofactor interactions that have not
previously been investigated in this way [3].
The improved detail in the 3.5 Å resolution structure [3]
will no doubt provoke new interest in the mechanism of
light-driven electron transfer in Photosystem-II, as well as
sparking new debate on the nature of the photo-oxidised
chlorophyll species that initiates the electron transfer
responsible for extracting electrons from water. This
chlorophyll cation, termed P680+, has a redox potential
estimated to be as high as +1.26 V [10], and there is
intense interest as to which chlorophyll is P680+ and how
the surrounding protein–cofactor system protects itself
against such an extreme of oxidising potential.
The area of the new structure likely to provoke the
most interest and controversy is the water oxidation
centre (Figure 1B), which consists of a group of
manganese, calcium and chloride ions held in place by
an amino-acid scaffold. A variety of models have been
suggested for the structure of the so-called manganese
cluster [1], and the new structural information provided
by Ferriera et al. [3] will be tested against these models
and spectroscopic data on the cluster. To assist mod-
elling of the manganese cluster, anomalous difference
maps were calculated from data collected using X-rays
corresponding to the absorption edge of manganese
(1.89 Å), and at a wavelength where calcium has a
much stronger anomalous signal (2.25 Å) [3]. These
data were then used to place four manganese ions and
one calcium ion at appropriate positions in the blob of
electron density corresponding to the water oxidation
centre. The resulting structural model is proposed to be
a ‘cubane-like Mn3CaO4 cluster’, linked to a fourth man-
ganese in an ‘extended region’ [3]. 
The new structure therefore has the same general
three-plus-one arrangement of manganese ions
proposed earlier by Zouni et al. [5], but includes far
more specific detail. Perhaps reflecting the interplay
between crystallography and spectroscopy, three-plus-
one arrangements have developed as favoured models
of spectroscopists looking at the structure of the man-
ganese cluster [1,11].
At present, this description of the water oxidation
centre is only a proposed structure, because the
resolution of the X-ray data is insufficient to resolve
details such as the oxygen atoms that connect the
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metal ions in the cluster. The proposed structure was
therefore derived using information from spectroscopic
data (the interplay again), including metal-to-metal dis-
tances derived from EXAFS (extended X-ray absorption
fine structure) studies of the centre [12,13], and infor-
mation on the coordination properties of manganese
and calcium ions [11]. 
As with the chlorophyll and quinone cofactors, the
new Photosystem-II structure includes the amino-acid
side chains that form the environment of the
manganese and calcium ions of the water oxidation
centre. Although this new level of detail is exciting,
however, a cautionary note is appropriate. Whereas the
resolution of the structure is sufficient to allow tracing of
the polypeptide chains of the component proteins, as
large side-chains can be distinguished from small side
chains for example, it is difficult to model the precise
orientations of individual side chains at a resolution of
only 3.5 Å. The detailed geometries of individual amino
acids therefore have to be regarded as preliminary
assignments, with final assignments pending higher res-
olution crystallographic data; the same is true for the
water oxidation centre. 
Higher resolution data should also clarify other
aspects of the structure. These include: the location of
water or hydroxide ions near the water oxidation centre;
the location of the chloride ion that is known to also be
a cofactor for the water oxidation centre [1,12,14]; and
the location and role of other non-protein ligands — for
example, an electron density feature that bridges the
calcium ion and the manganese ion in the extended
region is tentatively assigned to a bicarbonate in the
new structure (the ‘Y’shaped feature in Figure 1B). One
notable outcome of the modelling of amino acid side-
chains is the conclusion that the redox active tyrosine
TyrZ (Tyr161 of the D1 polypeptide) and residue His190
of the D1 polypeptide are suitably orientated to form a
hydrogen bond. The role of His190 during oxidation and
reduction of TyrZ has been much discussed [14–16], but
from the previous structure of Zouni and co-workers
[5,17] it was concluded that the two were not in close
proximity, in contrast to the arrangement suggested in
the new structure [3].
The new work of Ferreira et al. [3] brings us new and
much more detailed insights into the structure of
Photosystem-II. The increased detail will allow
previous mutagenesis studies to be reassessed and
provide new protein engineering targets; in this
respect structure–function studies of Photosystem-II
are finally freed from constant analogy to the purple
bacterial reaction centre. The proposed structural
details will have to withstand the wealth of spectro-
scopic data available for Photosystem-II, and the
plethora of mechanisms proposed for light-driven
water oxidation and the structure of the water oxida-
tion centre (see [1,11–14,18,19] for recent discus-
sions). Finally, in the best tradition of these things, the
new structure raises as many questions as it answers,
such as the extent to which the structure changes as
Photosystem-II undergoes its oxygenic catalytic cycle,
the location of key components such as water, and
the degree to which fine details of the structure will
alter as higher resolution data become available.
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Figure 1. Structure and function of water-oxidising Photosytem-II.
(A) A monomer of T. elongatus Photosystem-II (PDB file 1S5L [3]). The electron transfer cofactors span the membrane (blue box),
encased by the D1 (red) and D2 (yellow) polypeptides. Photosystem II is a light-activated water:plastoquinone oxidoreductase, trans-
ferring electrons across the membrane (shown schematically by the chain dot line) from the water oxidation centre (red and magenta
spheres, centre and top), to the dissociable QB plastoquinone (PQ) where protons are taken up (dotted line) to form plastoquinonol
(PQH2). (B) The water oxidation centre is encased by the D1 (yellow) and CP43 (bronze) polypeptides. Three manganese (magenta)
and one calcium (cyan) ion form four corners of a distorted cube (distorted at the calcium corner), and are interspersed by four oxygen
atoms (pale red). Two of the manganese and the calcium are also connected to a manganese in the extended region (magenta atom
on the left). The water oxidation centre binds two molecules of water and, in response to light-excitation of neighbouring chlorophylls,
cycles through a series of redox states (S-states) that culminate in the release of molecular oxygen [20].
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